Grain boundaries in two-dimensional (2D) materials can have marked influence on the material properties. The effects can be not only detrimental, but also beneficial in transition metal dichalcogenides (TMDs), so that controlling the density and type of the boundaries in these systems should be important for engineering their properties. However, this is often possibly only during the growth stage. Molybdenum and tungsten dichalcogenides feature a particular set of 60 • mirror twin boundaries, which are reported 1 to occur upon merging of the growing flakes, to appear during growth to accommodate for the nonstoichiometry of the sample, or to be produced a posteriori by electron irradiation or thermal annealing. Furthermore, different preparation conditions lead to different atomic structure of the boundary, that consequently exhibit different electronic properties. This has obviously garnered interest for the ability to control grain boundary types and densities. In this progress report, we review the recent experimental and theoretical work related to the characterization of mirror twin boundaries. We provide a consistent set of formation energies for the mirror twin boundaries, which then allows us to draw a coherent picture on the formation mechanisms under different conditions. Finally, we analyze the electronic structure of these boundaries and discuss their potential applications.
Introduction
Transition metal dichalcogenides (TMD) are a class of layered materials, that have recently been intensely investigated due to the possibility to isolate from bulk samples or manufacture directly their individual layers, which exhibit unique properties [1, 2] related to their reduced dimensionality. In addition to the prototypical molybdenum disulfide MoS 2 , structurally similar materials can be obtained with other chalcogen and transition metals, leading to a variety of material properties. For example optical characteristics were shown to sensitively depend on the number and relative orientation between the layers, and on the interaction with the substrate. [3, 4, 5] Many two-dimensional (2D) TMDs are semiconductors with reasonably high mobility, thus enabling ultrathin optoelectronic applications. [6, 7] Furthermore, the extremely high surface-to-volume ratio is promising for the catalysis and sensing applications. [8, 9, 10] Monolayers of TMDs can be prepared in several ways. The most straightforward method is the exfoliation of the bulk material either mechanically via the "scotch-tape" method [11] or via liquid exfoliation. [12] Alternatively, monolayers can be grown on a variety of substrates using, e.g., chemical vapor deposition (CVD) or molecular beam epitaxy (MBE). [8, 13, 14] Starting from the seeds, the growth proceeds to form flakes, which then merge together to form a layer. While in certain cases there are preferred directions, [15] flake orientations are generally random and thus the merging leads to the appearance of grain boundaries with different angles between the crystal orientations across the boundary. Monolayers exfoliated from the synthetic (or natural) bulk material often have larger grain size, since the synthesis is carried out at high temperature and during longer period of time, thereby allowing the sample to reach thermal equilibrium.
Grain boundaries are expected to modify the material characteristics, such as, e.g., electrical transport, mechanical properties, magnetism, or optical response. [16, 17, 18] Van der Zande et al. found enhanced electron transport parallel to GBs and no marked effect for transport perpendicular to GBs. [14] On the other hand, Ly et al. [19] reported that transport properties change when GBs are present and collected statistics on the transport with regard to GB angle. GB of any angle were found to result in decreased mobility. [19] Enhanced or diminished photoluminescence (PL), depending on the GB type, [14] and enhanced biexciton emission from grain boundary regions [20] have also been reported. On the other hand, it is not clear whether these effect arise from the GB per se, or from other changes in the material parameters close to the GB, such as strain, defect concentrations, Fermi-level position etc. The changes to material properties are not always detrimental. As an interesting application involving GBs, memristor was fabricated using MoS 2 , where the memristive behavior was ascribed to GB migration. [21] Concerning their characterization, grain boundaries are often visible as lines in photoluminescence or Raman images. [14] Alternatively, oxidation can be used to make the grain boundaries easier to distinguish under atomic force microscope, scanning electron microscope, or optical microscope. [22, 23] Furthermore, they can be found by forming a bilayer structure with another layer of the same material, since the PL wave length depends sensitively on the relative orientations of the two layers. [5] These methods provide quick and efficient way to locate GBs and assess their concentration, but offer very little information about the type of GB. GBs can also be found by determining the crystal lattice orientations, and consequently sudden changes in it, by e.g. electron diffraction patterns [13, 14] or second-harmonic generation. [24] These methods can yield the GB angle, but still no information of the atomic structure. High-resolution transmission electron microscopy (TEM) is an indispensable tool for studying local atomic structure of 2D materials, as positions of essentially all the atoms can be distinguished. TEM images of the the grain boundaries at the merged flakes were reported in Refs. [13, 14, 25] . Moreover, the electronic structure of the GBs were studied using scanning tunneling microscopy (STM). [26, 27] In addition, mirror twin boundaries (MTBs) with particular atomic structure between regions with 60 • relative orientation were reported. [28, 29, 30] These were observed either upon flake merging, inside grains to accommodate for the non-stoichiometry, or produced a posteriori by electron beam or thermal annealing treatments. [28, 30, 31, 32] The latter approach led to formation of triangular domains bounded by MTBs. Due to the trigonal (120 • rotational) symmetry of monolayer TMDs, this leads to formation of inversion domains. While the atomic structure of the MTB is highly symmetric and well-established from the TEM images, the situation is complicated by the fact that three different atomic structures for the MTBs have been reported, depending on the preparation conditions. Different MTBs show different electronic structures, with some of them representing fairly ideal one-dimensional metallic system. [33, 30] These are promising for studying one-dimensional electron dynamics, such as charge density waves [34] and Mott-Luttinger liquid. The variety of means to produce these MTBs coupled with the existence of different types of MTBs suggests that unprecedented control over the type and density of MTB grain boundaries, and consequently of their properties, could be achieved.
The works cited above all concentrate on certain types of MTBs, formed under particular conditions in particular TMD materials. Moreover it is frequently difficult to realize the differences in the experimental conditions and what would be the corresponding formation mechanism in each case. In this Progress Report we aim at drawing a coherent picture of mirror twin boundaries in 2D TMDs. We review the current knowledge of the 60 • mirror twin boundaries in TMDs including Mo(S,Se,Te) 2 and W(S,Se) 2 materials. On the basis of DFT calculations we elucidate the mechanisms of GB formation, whether it is due to flake merging, accommodation of non-stoichiometry, or a posteriori treatments. The relevant experimental data are taken from the literature. Some of the computational results given here are essentially the same as reported in Refs. [30, 32] , but in order to have consistent view with the results for all considered MTBs in all considered TMDs, the missing numbers are calculated and reported on an equal footing.
Mirror twin boundaries
We start by reviewing the experimental observations of the mirror twin boundaries. To this date, MTBs with three different atomic structures have been reported in various TMD materials. Representative TEM images of these, together with the corresponding atomic structures, are shown in Figure 1 . Note, that the atoms are dark in bright field (BF) images, but bright in annular dark field (ADF) images. We denote these three structures as 4|4P, 4|4E, and 55|8, following the notation adopted in Ref. [28] . In essence, 4|4P MTB contains 4-fold rings sharing a point at the chalcogen site, 4|4E MTB also contains 4-fold rings but sharing an edge between them, and 55|8 MTB consists of two 5-fold rings next to an 8-fold ring. The 4|4P boundaries tend to be the most commonly observed, at least in the molybdenum chalcogenides. In particular, a large density of these MTBs have been observed to form in MoSe 2 grown by molecular beam epitaxy. [29, 30, 34] This was suggested to originate from the chalcogen deficient stoichiometry of the sample coupled with the low formation energy of MTBs in comparison to the isolated chalcogen vacancies. That is, the chalcogen deficiency is accommodated by forming MTBs rather than isolated vacancies. [30] This can be compared to the situation in certain non-stoichiometric transition metal oxides, where crystallographic shear planes are found instead of isolated oxygen vacancies. [35] In addition, MoTe 2 grown on MoS 2 substrate also showed a large density of 4|4P MTBs. [36] However, similar observations of large density of these, or any other, MTBs have not been reported in the case of MoS 2 or tungsten chalcogenide growth.
CVD-grown MoS 2 showed, among other smaller angle GBs, 60 • grain boundaries of the types 4|4P and 4|4E that were formed upon flake merging. [28] Even for angles deviating from the 60 • , the grain boundaries were found to consist of segments of 4|4P MTB with steps exhibiting 8-membered rings. [14, 28, 19] Large triangular inversion domains showing 4|4P MTB, 4|4E MTB, or the mixture of the two types, were observed in MoS 2 following thermal annealing [31] . Their formation was accompanied by creation of vacancies via sulfur desorption.
Several different MTB structures have been formed during electron beam irradiation of different TMD samples at different conditions. Inversion domains consisting of only 4|4P MTBs were observed following electron beam irradiation in MBE-grown MoSe 2 (small grain size) [30] and in CVD-grown MoS 2 (big grain size), [37] both imaged at room temperature (RT). In addition to pure 4|4P ones, inversion domains consisting of a mixture of one 4|4E and two 4|4P MTBs were found in mechanically exfoliated bulk MoSe 2 imaged at RT. [31] On the other hand, electron beam irradiation led to formation of inversion domains exhibiting only 55|8 MTBs in CVD grown (big grains) MoSe 2 , WS 2 and WSe 2 . [32] Although these experiments were mostly carried out at high temperatures of 500 • C, similar structures also appeared at room temperature, albeit at a much slower pace. The same procedure was also applied to MoS 2 , but 55|8 formation could not be achieved.
It is curious that all of these experimentally observed MTBs are rather similar. First and foremost, they all originate from two chalcogen edges. This is a strong indication that they possess very low formation energy versus those formed from metal edges. This was indeed confirmed by first-principles calculations, at least for MoSe 2 , in Ref. [30] . In addition, other MTB configurations, involving chalcogen or metal edges, were considered computationally, [38, 39, 28, 30] but were found to be energetically unfavorable, in line with the lack of the experimental evidence. Second, they also have the same stoichiometry, i.e., they have the same number of the metal and chalcogen atoms in the MTB region. In particular, all of them are chalcogen deficient, which is evident from either calculations of the the number of metal and chalcogen atoms (e.g., within the horizontal dashed lines in Figure 1 , or observations of the local coordination of atoms (either metal atoms are undercoordinated or chalcogen atoms overcoordinated). Thus, their formation entails either addition of metal atoms or removal of chalcogen atoms from the lattice. As shown by the blue triangles in Figure 1 , 4|4P structure is laterally shifted by half a lattice constant compared to 4|4E and 55|8 structures. We note that it is possible to have other types of MTBs, depending on the direction of the GB. For instance, a pure 4|8 structure was observed in the case of 60 • GB in armchair direction. [19] By controlling the growth conditions, also triangles featuring Mo-edges or hexagonal shaped flakes with both types of edges can be prepared. Then, upon meeting of two Mo-type edges, MTBs can still form, but obviously with different structures than those discussed here. However, when obtained by annealing or electron beam irradiation, only these three types of MTBs have been observed. --e-beam [32] For the sake of clarity, the experimental observations are collected in Table 1 . In the following, we will use first-principles calculations to gain further insight to the stability of the MTBs and also consider the formation kinetics.
Formation energies of mirror twin boundaries
We start by calculating the interface energies for the MTBs. The energies are expected to give good indication for their relative stability under thermal equilibrium conditions.
In order to allow for relaxation in the direction perpendicular to the MTB, the calculations are carried out in the ribbon geometry. Computational details are given in Supporting Information.
[40] Since all the considered MTBs originate from chalcogen-edges facing each other, the systems contain one unit of MTB and two metal-edges. The relaxed structures are shown in Figure 1 , and the actual computational geometry can be seen in Figure 5 (c). The lateral size of the supercell is fixed to the lattice constant of each material, but the system is allowed to freely relax in perpendicular direction. The interface energy of the MTB is defined as:
where E(tot) is the total energy of the system with MTB, µ MX 2 is the energy of pristine MX 2 per formula unit, and ∆n is the number of missing chalcogen atoms. The energies of the two Mo/W-edges on both sides of the ribbon are accounted for with the 2γ, which is calculated using triangular flakes.
[40] The interface energy also depends on the metal and chalcogen chemical potentials, µ M and µ X , explicitly and through the dependence in γ. We adopt equilibrium with the MX 2 host and metal-rich conditions, yielding
where µ 0 M is the energy of the elemental phase molybdenum or tungsten. The interface energies for all three MTBs in all of the considered TMDs are listed in Table 2 , and can be used to explain the behavior of MTBs during growth [ Table 1 ]. Spontaneous formation of MTBs during growth has only been observed in the case of MoSe 2 and MoTe 2 , and showing the 4|4P MTB. While 4|4P is the lowest energy MTB for all materials except WS 2 , where 4|4E has the lowest energy, the spontaneous formation additionally requires that the formation energy should be very low. The only systems satisfying this condition according to our calculations are MoSe 2 and MoTe 2 , in agreement with the experimental reports.
Upon grain merging, 4|4P and 4|4E have been observed, although there are reports only for MoS 2 . In this scenario the meeting flake edges can have arbitrary orientation and spatial shift. While there is no competing structure for the 4|4Ptype registry, 4|4E and 55|8 have the same registry and also rather similar "width" of the MTB and thus they are expected to compete energetically. According to our calculations, 4|4E is lower in energy for all materials except MoTe 2 , and thus in agreement with observation of only 4|4P and 4|4E MTBs upon grain merging in MoS 2 .
In Ref. [31] , 4|4E MTB was observed to change into 4|4P in MoSe 2 via shifting of the lattice, which was further enabled by vacancies in the vicinity. This is again in line with 4|4P having lower energy than 4|4E.
According to the above analysis, 55|8 should never be present during growth, except maybe for MoTe 2 . Indeed, they were only observed upon electron-beam irradiation. In order to understand their presence in electron beam irradiated samples, the atomic details of the formation mechanism has to be considered in more detail.
Mechanism of grain boundary formation under electron beam
The response of TMDs to irradiation by energetic electrons during TEM imaging has already been fairly well understood. Since chalcogens are the outer atoms in the TMD monolayer, and because they are bonded to only 3 neighbors, and often lighter than the metal atoms, the probability for sputtering of chalcogen atoms is higher than for metals. [41, 42, 28, 43, 44] Figure 2 (a) shows a number of isolated single S vacancies in MoS 2 near the edge of the monolayer flake. Upon increase of the vacancy concentration, they agglomerate to form vacancy line structures. [45, 31, 37] The agglomeration is enabled by the diffusion of the vacancies, that is further driven by kinetic energy obtained from collisions with the energetic electrons. [45] When concentration of vacancies increases the atomic network becomes unstable with regard to the formation of line defects. An example of the double vacancy line structure in the staggered configuration, which is the lowest energy configuration in many TMDs, is shown in Figure 2(b) , and the corresponding atomic structure is illustrated in Figure 2 (c). Notice that the structure locally resembles that of 4|4E MTB, although without inverted domains.
Only once the chalcogen sublattice is sufficiently depleted, can the metal atoms get sputtered, which subsequently leads to creation of holes in the sample, or formation of wires or metal atom clusters. [46, 47, 30] Thus, in the following we assume that electron beam can only lead to loss of chalcogen atoms. Thermal annealing should lead to production of S vacancies and thus exhibit a behavior qualitatively similar to electron irradiation. [48, 31] (c) Experimental TEM image sequence for the formation of the inversion domains with all 4|4P MTBs is shown in Figure 3(a-d) , with mixed 4|4P and 4|4E MTBs in Figure 3 (e-f), and with all 55|8 MTBs in Figure 3 (i-k). In the first two cases, the formation is initiated by the appearance of the double vacancy line followed by gliding of the atoms in a triangular domain. In the last case, there are only isolated vacancies and the atomic structure is transformed by a rotation mechanism to be discussed below.
Therefore, in practice, the process will likely proceed once first vacancies are created by sputtering chalcogen atoms by the electron beam, which gives sufficient freedom for the glides. The exact atomistic kinetic mechanism can be complicated, possess many energetically competitive pathways, and vary between each case. Here, in order to provide an easy to understand overview of the process and related energies, we do not consider the barriers at each step, but only the final configurations. Moreover, to illustrate the structural effects of accommodating inversion areas to pristine lattices, we start from idealized glides of either the metal or chalcogen sublattice within triangular areas, which are then followed by creation of suitable number of vacancies. Such processes with the steps needed to create all three considered MTBs are illustrated in Figure 4 . As shown in Figure 4 (a-b), gliding the metal sublattice to the hexagon center positions readily leads to formation of inversion domains with two sides having 4|4P MTBs. The remaining side of the triangle, on the other hand, consists of two S-edges separated by a fairly large distance. When the atomic geometry of this structure is optimized using density-functional theory (DFT), the two sides do not stitch up, since this would lead to large strain and also to MTB with unfavorable atomic configuration. The lattice can be "healed" to full 4|4P domain by further gliding the atoms in the gray shaded area: either gliding only the metal-atoms by one whole lattice vector to the direction of the black arrow or forming double vacancies at the interface and then gliding the whole lattice. If the glide occurs only at one corner, it will lead to dislocation core on the other corner. Healing could also be obtained by adding metal atoms to the vacant sites, but this cannot happen under electron beam irradiation. The registry of the inversion domain and the surrounding lattice is such that formation of 4|4E or 55|8 MTBs at the remaining side leads to rather strong strain. Creating the double vacancies and straightforwardly relaxing the structure without any gliding led to this side of the triangle showing 55|8 MTB. By creating lines of vacancies in staggered configuration, 4|4E MTB could also be obtained.
In the process shown in Figure 3(a-d) , the formation of 4|4P MTB under electron beam appears to involve a glide (image with blurred triangular region), but was also accompanied by a dislocation core formed near one of the triangle corners. This is consistent with the presumed mechanism of first forming a staggered vacancy line followed by metal sublattice glide. Finally, dislocation core is formed to relax the strain. This is also credible from the kinetic point-of-view, since vacancy lines are likely needed to allow for the glides to take place initially. This is also very similar to the process suggested for the formation of the 24|4P+4|4E triangle, [31] see Figure 3 (e-f).
4|4E and 55|8 MTBs can both form via glide of the chalcogen sublattice. This readily leaves two sides looking similar to 55|8, prior to pairing of the metal atoms. The remaining side would be very rich in chalcogen atoms. By removing the chalcogen-columns marked by red circles in Figure 4 (e), it can also be converted to 55|8 MTB. On the other hand, 4|4E MTBs can be obtained by the glide of both chalcogen sublattices at the central region and only top or bottom chalcogens at the two edges. Alternatively, the glide of the top or bottom chalcogen atoms in the 55|8 MTBs can turn them into 4|4E type. We note, that if the chalcogen glide takes place only at the top or bottom chalcogen plane within the whole triangle, this leads to formation of the octahedral (1T) polymorph of the TMD material [49, 50] instead of inverted domain.
Finally, in Ref. [32] the kinetic mechanism for the formation of 55|8 triangles was proposed to proceed through bond rotations, or to be more precise, by rotations of structural units, as in 2D silica bilayer. [51] Also, the inversion domain growth was gradual, clearly precluding glides of large triangular domains. The initial steps are illustrated in Fig. 3(l-q) . The smallest structure, denoted T 1 , already contains 6 chalcogen vacancies. It can further grow once new vacancies are located near the triangle edges.
In order to explain why different MTBs occur upon different conditions, we consider their stability on the basis of the first-principles calculations.
Formation energies of inversion domains
To investigate the energetics of inversion domains, such triangular structures were constructed within a 10×10 supercell. The structures are presented in Figure  4 (c,f,i). Due to different number of vacancies in these systems, the formation energies are normalized to the number of vacancies:
where E(tot) is the total energy of the system, and ∆n is the deviation from stoichiometry, i.e., the number of chalcogen vacancies. Energy of the host per formula unit µ MX 2 is calculated using the pristine 10×10 supercell. The normalization by ∆n also guarantees that there is no dependence on the chemical potential choice, except up to a constant. Finally, this is also justified in light of the experimental findings: for a given number of vacancies, the system can lower its energy by creating MTBs. In essence, the vacancies are then accommodated into the MTBs. The results are given in Table 3 . In addition to the three larger inversion domains, we also considered isolated single vacancy (SV) and double vacancy (DV), Table 3 : Formation energies per vacancy of various defective structures in all considered TMDs under metal-rich conditions. SV stands for isolated single vacancy, DV for isolated (columnar) double vacancy, Stg. is staggered double vacancy line of length 4, T 1 is the smallest 55|8 inversion domain [shown in Figure 3(n) ], and 4|4P, 4|4E, and 55|8 inversion domains (ID) correspond to the structures shown in Figure 4 (c,f,i Figure 3(n) ]. The results for SV, DV, staggered DV line and T 1 in MoS 2 , MoSe 2 , WS 2 , and WSe 2 are essentially the same as in Ref. [32] . The difference in absolute values is mainly related to different choices of chalcogen chemical potential.
In addition the results are obtained by relaxing the structures using the same PAW setups and numerical parameters as elsewhere in this paper. The energies should be compared to those of isolated vacancies or the most favorable types of vacancy clusters. While staggered vacancy lines were found to be the preferred vacancy cluster in MoS 2 , [45, 37] the situation seems to be different in tungsten chalcogenides where isolated double vacancies are lower in energy. Moreover, in MoS 2 the staggered vacancy line configuration has lower energy than any of the inversion domains. In all other TMDs, the lowest energy is obtained with one of the inversion domain structures. Unlike the data presented in Table 2 , the 55|8 is now lower in energy than 4|4E (4|4P is even lower, but the model is constructed by adding metal atoms, which is unrealistic under electron beam). This can be ascribed to the energy contributions from the triangle corners and from the strain differences. In order to give impression of the strain perpendicular to the MTB, one can refer to the dashed horizontal lines in Figure  1 . The 4|4P MTB obtained through metal atom sublattice glide should retain the chalcogen sublattice positions, but there is expansion in the lattice perpendicular to the GB. The 4|4E and 55|8 MTBs in contrast should retain the metal sublattice positions. This seems to hold well in the case of 55|8, but the lattice around 4|4E is contracted, indicating that 55|8 is able to minimize the strain in the lat-tice. We also performed selected calculations for inversion domains with mixed boundaries. Here we simply note that in MoS 2 , 2×(4|4P)+(55|8) was lower in energy than 2×(4|4P)+(4|4E) (both formed from the structure shown in Figure  4 (b) by creating vacanies). Nevertheless, they were both higher in energy than the corresponding number of isolated vacancies.
Revisiting the experimental results
The three most relevant experimental results are now discussed in light of the above formation energy results. First, the 4|4P inversion domains [ Figure 3 (a-d)] in MoSe 2 reported in Ref. [30] : The process proceeds by formation of a double vacancy line, followed by Mo glide. The samples had small grains and thus dislocations could be easily formed to relax the strain, eventually leading to inversion domains with all 4|4P MTBs. Second, the mixed 4|4P and 4|4E inversion domains [ Figure 3 (e-f)] in MoSe 2 reported in Ref. [31] : Formation process should proceed similar to above, but due to the larger grain size dislocation formation is prohibited. The remaining edge retains the 4|4E structure originating from the double vacancy line, even when calculated formation energies would favor 55|8 MTB. Additional vacancies in the vicinity can assist in releasing the strain. Third, the 55|8 inversion domains [ Figure 3 (i-k)] in several TMDs reported in Ref. [32] : At high temperature, due to the increased movement of the atoms, the system can rapidly overcome energy barriers and explore the energy landscape. Due to the large grain size and relatively low number of vacancies, there is no other mechanism for releasing the strain and thus the lowest energy configuration corresponds to 55|8 MTB. In tungsten chalcogenides isolated double vacancies appear lower in energy than the staggered vacancy line, which also lends support to this process from the kinetics point-of-view. In MoSe 2 , on the other hand, staggered vacancy line formation should be preferred. We presume, that the effect of high temperature is still sufficient to explain the 55|8 domain formation.
The energy per vacancy drops as the size of the inversion domain increases, and the contribution from the triangle corners vanishes. The role of strain upon increasing inversion domain size, on the other hand, is not straightforward. To this end, energies in the case of fixed lattice constant in the perpendicular directions were also given in Table 2 and reflect the effect of strain on the MTB energies. In MoS 2 and WS 2 , 4|4E MTB is still lower in energy than 55|8, whereas in selenides and telluride 55|8 is lower in energy. We expect these results to be indicative of the lowest energy MTB in the case of large inversion domains. This should then explain why inversion domains dominated by 4|4P and 4|4E MTBs were observed in MoS 2 after thermal annealing. [31] On the basis of our calculations, similar treatment in selenides and tellurides, on the other hand, is expected to yield 55|8 domains, in line with the experiments involving irradiation. [32] 4 Electronic structure
In this section we analyze the electronic structure of the MTBs and discuss possible applications of TMD flakes with MTBs. The band structures and densities of states are presented in Figure 5 . 4|4P and 4|4E MTBs show bands with large dispersion covering almost the whole band gap range. In addition 4|4P features another band close to conduction band and 4|4E another band close to valence band. 55|8 on the other hand shows strongly localized states with minimal dispersion.
In the case of 4|4P and 4|4E MTBs, the metallic band could increase the overall electronic transport along the direction of the boundary. The effect may not be significant unless there are many parallel MTBs. Additionally, scattering from the MTBs will hinder the transport. While 55|8 can also have metallic band, depending on the Fermi-level position, the localized nature of the states likely leads to smaller transition probability. In the direction perpendicular to the MTB, the current flow should be limited by transport between the domains, which is hindered by the spin-valley coupling in these materials. That is, although there are states available at same energy and crystal momentum at the two sides of the MTB, these states have opposite spin or valley index. [52] This effect is particularly pronounced when Fermi-level is close to the valence band due to the large spin-orbit splitting of the valence band maximum states. The experiments indeed tend to suggest that all grain boundaries hinder electrical transport in the sample. [14, 19] Aside from the transport properties, these structures are of interest due to exhibiting fairly ideal one-dimensional metallic system, [33] that can also be easily studied experimentally. Such systems are promising for studying one-dimensional electron dynamics, such as charge density waves and Mott-Luttinger liquid. The charge density wave (CDW) distortion was reported in Ref. [34] .
Finally, when more than one layer is considered, the inversion domain formation in only one layer also leads to unusual stacking between the layers. In particular, while bilayer TMDs obtained from the 2H-polymorph possess inversion symmetry, the region with inversion domain in one layer does not. Consequently these regions should show, e.g., distinct nonlinear optical response, piezoelectronic response, valley dichroism, etc., all of which are normally completely or partially forbidden in the presence of inversion symmetry.
Conclusions
In conclusion, we have reviewed the recent experimental and theoretical work related to the characterization and properties of 60 • mirror twin boundaries in layered molybdenum and tungsten dichalcogenide materials. We also carried out first-principles calculations and provided a consistent set of formation energies for the three types of boundaries observed in different materials and in different conditions. We considered both idealized boundaries under different strains as well as local inversion domains formed from pristine TMDs via glides of atomic planes followed by introduction of chalcogen vacancies. These allowed us to draw a coherent picture on the formation mechanisms and the dominant boundary structures under different conditions: (i) occurrence upon merging of the growing flakes, (ii) emergence during growth to accommodate for the nonstoichiometry of the sample, and (iii) production a posteriori by electron irradiation or thermal annealing. Using the formation energy results given here and assuming similar formation mechanisms, predictions for other TMD materials can also be made. Finally, we analyzed the electronic structure of these boundaries and discussed their potential applications. Through understanding of the formation mechanisms, control of the type and density of MTB grain boundaries in TMDs can be achieved, thereby paving the way towards engineering the electronic structure of 2D TMDs thorough controllable introduction of extended defects. 
